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Abstract 
We have cloned a novel inward rectifier K’ channel (hIRK2) from a human frontal cortex cDNA library. The amino acid sequence of hIRK2 
shares 60% and 40% identity with the mouse IRK1 and the rat ROMKl channels, respectively. Xenopus oocytes injected with hIRK2 cRNA showed 
an inwardly rectifying K’ current that had a prominent ‘N-shape’ I-V curve and was blocked by extracellular Ba*‘. The hIRK2 channel has two 
unique features: (a) an 18 amino acid insertion between the first transmembrane r gion and the pore, and (b) restricted mRNA distribution found 
only in human brain and heart. 
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1. Introduction 
Recently cloned inward rectifier K’ (IRK) channels 
constitute a new family of K’ channels, which contain 
two transmembrane regions and a pore region. When 
functionally expressed in Xenopus oocytes, the cloned 
IRK channels are either activated by membrane hyper- 
polarization [l] or by G protein [2,3], and regulated by 
intracellular ATP [4]. Physiological functions of IRK 
channels in peripheral tissues include [5] (a) maintaining 
the resting membrane potential by conducting on both 
directions near the K’ equilibrium potential, EK, (b) per- 
mitting long depolarization responses by shutting off at 
depolarization voltages, and (c) repolarizing the mem- 
brane at the late phase of the action potential as revealed 
in cardiac ventricular myocytes [6,7]. The IRK channels 
in central nervous system are suggested to play an impor- 
tant role in controlling membrane xcitability in neurons 
[8] and in regulating neuronal K’ homeostasis by glial 
cells [9]. Although hyperpolarization-activated and Ba”- 
sensitive IRK channels have been described in the central 
neurons [8,10-141, they are not as well characterized as 
their cardiac counterparts. In particular, little is known 
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about human brain IRK channels, probably due to diffi- 
culties in accessing human brain tissue. 
To facilitate studies of human brain IRK channels, we 
have cloned a novel IRK channel, hIRK2, from a human 
frontal cortex cDNA library and characterized its elec- 
trophysiological properties when expressed in Xenopus 
oocytes. This channel has a unique primary structure, 
restricted mRNA distribution only found in the heart 
and brain, and a prominent ‘N-shape’ Z-V curve resem- 
bling the well characterized IRK channel (I& in the 
heart. These properties distinguish this human IRK 
channel from any other IRK channels cloned to date, 
including two rodent brain IRK channels [15,16] and a 
rabbit cardiac IRK channel [17]. 
2. Materials and methods 
2.1. Isolation and sequencing of cDNA 
Deoxyoligonucliotide primers were synthesized based on the nucleo- 
tide sequence of the mouse IRK1 channel [1]: primer 1: 5’-AG- 
GAAGATGGCATGAAGCTG-3’ (nucleotides 4463) and primer 2: 
5’-GAGCACTGGCTCATAGC GGT-3’ (nucleotides 971-990). A 
polymerase chain reaction (PCR) using DNA templates from a human 
hippocampus cDNA library (Strategene, La Jolla, CA) generated a 
fragment of - 1 kilobase (kb). Partial sequencing of the fragment indi- 
cated _ 90% similarity with the corresponding nucleotide sequence of 
mouse IRK1 channel. We used this PCR fragment o screen a human 
frontal cortex cDNA library (Strategene). The probe was randomly 
labeled with ‘*P and hybridization was carried out in a hybridization 
oven (Integrated Separation Systems, Natick, MA). Primary screening 
was performed under the following conditions: prehybridization at 
55°C overnight with 25 ml buffer per bottle, and hybridization at 55°C 
for 4 h with 10 ml buffer per bottle. The membranes were washed twice 
with SSC containing 0.5% SDS at 55°C for 30 min and twice with 0.1 x 
SSC containing 1% SDS at 55°C for 30 min. Secondary hybridization 
was done under the same conditions except he temperature was 65°C. 
The same buffer was used for both prehybridization and hybridization, 
containing 1 M NaCl, 10% dextran sulphate (sodium salt, MW 
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SOO,OOO), 1% SDS, and 100 ,&ml of denatured salmon sperm DNA. 
Isolated cDNA clones were sequenced using a dye terminator meth- 
od with an automatic sequencer (Model 373A, Applied Biosystems, 
Foster City, CA). The full length hIRK2 clone was sequenced on both 
strands. 
2.2. Northern blot analysis 
The 2 kb EcoRI fragment of clone IRK181 1. including the entire 
coding region and 5’ and 3’ untranslated regions, was labeled with “P 
by random priming (Life Technologies, Gaithersburg, MD). The probe 
was hybridized with a human multiple tissue northern blot (Clontech, 
Palo Alto, CA) under the following conditions: prehybridization for 3 h 
at 42”C, hybridization for 18 h at 42”C, and wash twice with 2 x SSC 
and 0.05% SDS for 40 min at room temperature and twice with 
0.1 x SSC and 0.1% SDS for 40 min at 50°C. A buffer used for both 
prehybridization and hybridization contained 5 x SSPE, 0.1% SDS, 
50% formamide, and 100 pg/ml freshly made, sheared salmon sperm 
DNA. 
2.3. Expression of hIRK1 in Xenopus oocytes 
The hIRK2 cDNA was in the pBluscript-SK vector (Stratagene). 
After linearization at the Hind111 site in the polylinker region, cRNA 
was made in vitro using a T3 RNA polymerase kit (Ambion, Austin, 
TX). 
Oocytes were taken from female Xenopus (purchased from Nasco, 
Fort Atkinson, WI). To remove the follicle cells, ocytes (stage 5-6) were 
first digested with freshly made collagenase (2 mg/ml, type IA; Sigma, 
St. Louis, MO), which was dissolved in a calcium-free ND96 solution 
(in mM: NaCl’96, KC1 2, MgCl, 1, HEPES-NaOH 5; pH 7.5), for two 
40 min periods at room temperature (21-23°C). The collagenase- 
treated oocytes were then hand-picked and freed from follicle cells using 
two pairs of fine forceps. Before injection, the defolliculated oocytes 
were incubated at 18°C for 12-30 h in ND96 solution containing 1.8 
mM CaCl, plus 2.5 mM Na-pyruvate and IO&ml pennycillin/strepto- 
mycin. Each oocyte was injected with 50 nl hIRK2 cRNA (0.5 ng/nl) 
or HZ0 using a microdispenser (Model 510 x , Drummond, Broomall, 
PA). The injected oocytes were placed into wells of 24-well tissue culture 
plates with one oocyte per well bathed in 1.5 ml of ND96 solution 
containing pyruvate and antibiotics. The oocytes were viable for at least 
7 days without medium change. 
2.4. Electrophysiological studies 
Microelectrodes were pulled from thick-wall, filamented, boroscili- 
cate glass capillary tubings using a Flaming-Brown puller (Model P-80/ 
PC, Sutter Instrument, Novato, CA). The resistance of microelectrodes 
ranged from 0.61 .O MQ when filled with 3 M KCl. Whole-cell currents 
from oocytes were recorded with a cutoff frequency of 2 kHz (an 8-pole 
Bessel filter, Frequency Devices, Haverhill, MA) using a two-electrode 
voltage clamp (Axoclamp-2A, Axon Instruments, Foster City, CA). 
The pClamp software (Axon) was used for on-line data acquisition to 
the hard disk of a 486-based IBM clone and for later off-line data 
analysis. Bath solutions with various concentrations of KCl, named KO, 
K2, K5, K20, and K50, contained (in mM): KC1 X, NaCl98X, CaCl, 
1.8, MgCl, 1, HEPES 5, titrated with NaOH to pH 7.5, where X = 0, 
2, 5,20, and 50 mM, respectively. Recordings were made from oocytes 
36 h to 10 days after injection. Temperature was 21-23°C. 
A two-pulse voltage protocol was used in two-electrode voltage 
clamp experiments. The 1,600 ms first pulses ranged from -140 mV to 
+80 mV at a 20 mV increment. The 200 ms second pulse was always 
-90 mV. Holding potential was 0 mV. The interpulse interval was 5 s. 
The steady state-current was measured at the end of the first pulse. A 
1.000 ms-ramu urotocol from -120 mV to +60 mV (HP = 0 mV) was 
used to obtaid IIV curve for the reversal potential mkasurement. ‘Both 
the steady state and ramp currents were measured after current traces 
were digitally subtracted from the background current, which was re- 
corded in the absence of extracellular K’, i.e. in KO solution. 
2.5. Sequence analysis and curve fitting 
LaserGene for the Macintosh (DNASTAR. Madison. WI) was used 
for DNA and protein sequence analysis. A nonlinear least-square 
curve-fitting routing (SIGMAPLOT for WINDOWS, Jandel Scientific, 
San Rafael, CA) was used for fitting experimental data to theoretical 
models. 
3. Results and discussion 
3.1. cDNA isolation and sequence analysis 
We obtained 28 positive clones after screening approx- 
imately 2 x lo6 plaques of the human frontal cortex 
cDNA library. Two clones were further analyzed by se- 
quencing and one was found to contain an open reading 
frame. We designated it hIRK2, which encodes a protein 
of 445 amino acids (Fig. 1) with a calculated molecular 
mass of 49,622 Da. The clone has - 200 bp in the 
5’ untranslated region that has 77% GC content and 500 
bp in the 3’ untranslated region that contains a poly(A) 
tail of 33 residues. The initiation codon was assigned to 
the first methionine in the open reading frame because 
the neighboring bases (CAGGACATGC) agree at 7 out 
of 10 bp with the consensus equence of translation initi- 
ation site: GCCGCCATGG [18]. 
The amino acid sequence of hIRK2 shares 60%, 40%, 
and 38% identity with the mouse IRK1 [l], the rat 
ROMKl [4], and the rat GIRKUKGA [2,3] channels, 
respectively. Hydropathy analysis indicated that the 
hIRK2 channel contains two putative membrane-span- 
ning regions (Ml and M2) and a pore (P) region, which 
are highly conserved with those of other IRK channels. 
In particular, the pore region is identical to that of mouse 
IRK1 channel except for one conserved amino acid 
change (Fig. 1B). A unique feature of hIRK2 is a stretch 
of 18 amino acids, which is hydrophobic and contains 
containing 4 proline and 7 glycine residues (the PG re- 
gion; Fig. l), between the Ml region and the pore. Such 
sequence is not present in any other IRK channels cloned 
to date. The functional significance of this structure is 
not known (but see below). Several consensus phospho- 
rylation sites [ 191 for protein kinase A and protein kinase 
C are found in the hIRK2 channel (Fig. 1). 
3.2. Tissue distribution of hIRK mRNA 
Northern blot analysis of poly(A)’ RNA from eight 
human tissues detected a single hIRK2 mRNA band of 
2.7 kb that is present only in the heart and brain (Fig. 
2). This pattern of mRNA expression is clearly distinct 
from that of other IRK channels. A faint band of - 5.7 kb 
was found in skeletal muscle (Fig. 2), which may result 
from cross-labeling a human homologue of the mouse 
IRK1 channel whose 5.5 kb transcript is expressed in 
skeletal muscle and other tissues in addition to brain and 
heart [l]. The rat GIRKl/KGA channel has at least two 
major mRNA bands of 4.5 and 6 kb [2,3]. Multiple tran- 
scripts of rat ROMKl channel are expressed mainly in 
kidney [4]. Two major transcripts of the rat brain IRK2 
channel are expressed in brain and multiple periphery 
tissues [16]. 
3.3. Functional expression of the hIRK2 channel in 
Xenopus oocytes 
After injection with the hIRK2 cRNA, oocytes 
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Fig. 1. (A) The nucleotide sequence. and deduced single letter amino acid sequence of the hIRK2 cDNA. Positive numbers are assigned to nucleotides 
beginning with the A residue of the start codon. Negative numbers are assigned to nucleotides 5’ to the start codon. Two putative membrane-spanning 
regions (Ml and M2) and the pore (P) are marked by lines below the sequence. The prohne-glycine rich (PG) region is indicated by a dashed line 
below the sequence. (B) The alignment of amino acid sequences of hIRK2, mouse IRK1 and rat ROMKl, using the J. Hein method (LaserGene). 
Identical amino acids are indicated by colons. Dashes indicate gaps introduced to improve alignment. Two membrane spanning regions (Ml and 
M2), the pore (P) and the PG region are indicated by lines above the sequences. Potential phosphorylation sites for protein kinases A and C are 
indicated by x and #, respectively. 
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Fig. 2. Northern blot of the hIRK2 mRNA from eight human tissues. 
The positions of RNA size markers (kb) are shown on the left side. The 
size of hIRK2 mRNA is 2.7 kb, shown on the right side. See the text 
for possible interpretation of the 5.7 kb band in the skeletal muscle lane. 
5.7 kb 
expressed a slowly activating and inactivating, inwardly 
rectifying current (Figs. 3 and 4). Water injected and 
noninjected oocytes had little inward current under the 
same recording conditions. An important feature of the 
hIRK2 channel was that the channel carried a substan- 
tial outward current for membrane potentials that were 
more positive than the K” equilibrium potential, EK (Fig. 
3A). As a result, the I-Vcurves of both ramp and steady 
state hIRK2 currents had an ‘N-shape’ (Figs. 3B and 4B) 
resembling that of the inward rectifier (Zk,) found in 
cardiac myocytes [20-221. Other IRK channels cloned to 
date, including one cloned from rabbit heart [17], carry 
less outward currents than that observed for hIRK2 al- 
though the inward current amplitudes are similar. As 
noted above, the PG region between the Ml region and 
the pore of hIRK2 (Fig. l), missing in all other IRK 
channels, might be the structural basis for the prominent 
outward current and the resulting N-shape Z-I’ curve of 
hIRK2. 
Ion selectivity of the hIRK2 channel was determined 
from the reversal potential measurement in various ex- 
tracellular K’ concentrations, [K’], . The results deter- 
mined from the steady state and ramp Z-r/ curves agreed 
each other (Fig. 3B). The reversal potential of hIRK2 
current was negative and changed 52.8 f 0.8 mV per 
lo-fold change in [K’], as predicted for EK (56.4 mV at 
22°C) by the Nernst equation, indicating that the hIRK2 
channel is selectively permeable to K’ over Na’. 
Ba*’ block of the steady state and tail currents of 
hIRK2 was studied using a two-pulse protocol (see Sec- 
tion 2). Extracellular Ba2+ at concentrations of 20, 200, 
and 500 PM blocked the steady state current in the in- 
ward direction by accelerating the inactivation time 
course (Fig. 4), indicating Ba2’ is an open channel 
blocker. Ba” also blocked the outward current (Fig. 4B), 
as observed for cardiac IRK channels in humans [20] and 
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in animals [21,22]. In addition, Ba”produced a voltage- 
dependent block of the tail current elicited by the second 
voltage pulse of -90 mV from various first-pulse volt- 
ages. For a first-pulse voltage that was more negative 
than EK, for example -100 mV (Fig. 4), the tail current 
was fully blocked. This observation suggests that the 
channel that was blocked during the first pulse remained 
blocked and thus was unable to open in response to the 
second pulse. However, for a first-pulse voltage that was 
more positive than EK, +80 mV for instance (Fig. 4), the 
tail current was completely activated then inactivated 
with an accelerated time course as seen for blocking the 
steady state current. This suggests that the channel was 
unblocked by the first pulse of +80 mV and was therefore 
ready to open in response to the second pulse. As soon 
as the channel opened during the second pulse, Ba*’ 
blocked it again. Enhancing the block by the negative 
first-pulse voltage and relieving the block by the positive 
first-pulse voltage of the tail current suggests that Ba*’ 
is an open channel blocker accessible from the extracellu- 
lar side with an intra-channel binding site located within 
the membrane electric field. 
-1.0 I I 
-150 -100 -50 0 50 100 
B Membrane potential (mv) 
0 , 
1 10 100 
WI, W-W 
Fig. 3. Ionic selectivity of the hIRK2 channel expressed in Xenopus 
oocytes. (A) Whole-oocyte ramp currents recorded in various extracel- 
lular K’ concentrations, [K’],, from an oocyte 36 h after injection of 
hIRK2 cRNA. (B) The reversal potential (mean + S.E.M.) of hIRK2 
current as function of [K’], obtained from the ramp current (open 
squares, n = 4-10 oocytes) and from the steady state current (closed 
triangles, n = 3-6 oocytes, except n = 1 for [K’], = 50 mM). The 
straight line is the best fit of the data to the Nemst equation with a slope 
of 52.8 + 0.8 mV and an intercept of -109.9 + 0.9 mV. 
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Fig. 4. Block of the steady state and tail currents of hIRK2 by Ba”. 
(A) Current waveforms recorded in K5 without (traces labeled with c) 
and with 500 PM Ba” (traces labeled with b). The two-pulse voltage 
protocol is shown for the first-pulse voltages of -100 mV and +80 mV. 
The short lines next to the current waveforms indicate the zero current 
levels. The holding current was outward at the holding potential of 
0 mV. (B) Steady state I-Vcurves (mean ?z S.E.M., 5 oocytes) obtained 
in K5 without (open circles) and with (filled symbols) Ba2’ at concentra- 
tions indicated in the figure. Each individual Z-V curve was scaled 
relative to the corresponding Z-V curve obtained from the oocyte 
603 # 10 and the mean was calculated. A single scaling factor calculated 
at - 100 mV was used for each individual Z-V curve. The scaling factors 
ranged from 0.484.77. 
The presence of hIRK2 mRNA in the heart and the 
functional similarity of the hIRK2 channel to cardiac 
IRK channels indicates that hIRK2 is one of the neces- 
sary structural components of cardiac IRK channels. 
However, IRK channels in neurons are not as well char- 
acterized as those in cardiac myocytes. Little is known 
about human brain IRK channels. The cloning and fimc- 
tional expression of the hIRK2 channel described here 
offers an opportunity to study structure-function rela- 
tions, physiological functions, and pharmacology of 
IRK channels in human brain. 
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